The appearance of hair is one of the main evolutionary innovations in the amniote lineage leading to mammals. The main components of mammalian hair are cysteine-rich type I and type II keratins, also known as hard ␣-keratins or ''hair keratins.'' To determine the evolutionary history of these important structural proteins, we compared the genomic loci of the human hair keratin genes with the homologous loci of the chicken and of the green anole lizard Anolis carolinenis. The genome of the chicken contained one type II hair keratin-like gene, and the lizard genome contained two type I and four type II hair keratin-like genes. Orthology of the latter genes and mammalian hair keratins was supported by gene locus synteny, conserved exon-intron organization, and amino acid sequence similarity of the encoded proteins. The lizard hair keratinlike genes were expressed most strongly in the digits, indicating a role in claw formation. In addition, we identified a novel group of reptilian cysteine-rich type I keratins that lack homologues in mammals. Our data show that cysteine-rich ␣-keratins are not restricted to mammals and suggest that the evolution of mammalian hair involved the co-option of pre-existing structural proteins.
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cytokeratin ͉ epidermis ͉ evolution ͉ reptiles ͉ claw O ne of the key steps in mammalian evolution was the emergence of hair, which served in protection from mechanical insults and also facilitated homeothermy (1, 2) . Because hair is a defining feature of mammals and does not occur in other amniotes, it seems to have evolved after divergence of the therapsid lineage (leading to mammals) from the sauropsid lineage (reptiles, birds) approximately 310 to 330 million years ago (3) . It has been proposed that hair originated by modification of scales (4-6); however, there is no paleontologic evidence for intermediate forms.
The main constituents of the hair shaft are the ''hair keratins'' and keratin-associated proteins. Hair keratins belong to the protein families of the type I (acidic) and type II (basic) ␣-keratins, with diverse members that are expressed in a wide variety of epithelia. Type I and type II keratins heterodimerize by coiled-coil formation of their ␣-helical central domains. The resulting dimers establish higher-order structures via hydrophobic and ionic interactions and ultimately form intermediate filaments (7) . In contrast to soft keratins, hair keratins contain numerous cysteine residues, which are used for intermolecular disulfide bond formation during hardening of the hair shaft (8) .
Hair keratin genes are nested within the type I and type II keratin gene clusters in the genomes of humans (type I keratin genes on chromosomes 17q21.2 and type II keratin genes as well as KRT18 on chromosome 12q13.13) and other mammals. The human genome contains 11 hair-type and 17 other type I keratins, as well as 6 hair-type and 20 other type II keratin genes (9) . All hair keratins are expressed in the hair shaft, and some are also expressed in claws and nails, on the keratinized surface of the tongue, and within Hassall's bodies of the thymus (10, 11).
The critical role in hair biology of hair keratins is revealed by the fact that mutations in single hair keratin genes suffice to cause the inherited hair fragility and alopecia syndrome monilethrix (12, 13) .
Supporting a mammal-specific origin of hair, hair keratin genes have been reported to be absent from chicken and other nonmammalian species (14, 15) . So-called ␤-keratins, a family of sauropsid-specific proteins structurally unrelated to ␣-keratins but similar to mammalian keratin-associated proteins (16, 17) , are the main components of hard integumentary structures (scales, claws, beaks, feathers) of sauropsids. However, the role of ␣-keratins in sauropsid epidermis and epidermal appendages has not been explored in depth.
Here we performed a comparative genomics analysis to screen for new homologues of hair keratins in amniotes. We identified nonmammalian homologues of hair keratins in the newly available, unannotated draft genome sequence of the reptile Anolis carolinensis (green anole lizard) and a hard keratin gene orthologue of the chicken. In addition, we identified a group of sauropsid-specific cysteine-rich type I keratins. Our data suggest a nonmammalian origin of the main structural proteins of hair and, therefore, require a revision of the current concept of hair evolution.
Results
Identification of Nonmammalian Hair Keratin-like Genes. The keratin gene clusters of the anole and chicken were analyzed for the presence of orthologues of mammalian hair keratins. The keratin genes flanking the human hair keratins (KRT23 and KRT13/ KRT15 at the type I keratin gene locus, as well as KRT7 and KRT75 at the type II keratin gene locus) were conserved and defined the borders of the hair keratin loci in all species investigated (Fig. 1) . Six putative orthologues of mammalian hair keratins were identified in the anole genome and one orthologue in chicken. The novel A. carolinensis genes encoded two type I keratins, tentatively named aHA1 and aHA2 (for anole hard acidic keratins 1 and 2), which were most similar in sequence to keratin 36, and four type II keratins, tentatively named aHB1 through aHB4 (for anole hard basic keratins 1 through 4), which were most similar in sequence to keratins 84 among human keratins. The sequences of all new keratins, sequence alignments with human keratins, and sequence similarities among hard keratins are provided in supporting information (SI) Figs. S1-S3 and Tables S1-S4.
The chicken type I keratin locus lacked a hair keratin-like gene, whereas the chicken type II keratin locus contained one orthologue of mammalian hair keratins, which was most similar to keratin 84 among human keratins. This gene was also predicted by an automated algorithm of GenBank (Gene ID 426897, ''similar to keratin, hair, basic, 4''). Here, we will refer to this gene as cHB1 (for chicken hard basic keratin 1) (Fig. 1B) .
Because a high content in cysteine residues is an indicator of the ability of keratins to form hard, rigid structures (8), we used this criterion to screen the entire Anolis draft genome sequence for keratins with potential functional equivalence to mammalian hair keratins. Indeed, four more type I keratin genes encoding proteins with high numbers of cysteine residues were identified and tentatively named aHAS1 through aHAS4 (for anole hard acidic sauropsid keratins 1 through 4). These four genes were arranged in tandem at a locus upstream of the keratin 15 homologue of Anolis and were flanked by type I keratins most similar in sequence to human keratins 13 and 17, respectively (not shown). The homologous locus of the chicken genome contained two genes encoding cysteine-rich keratins (GenBank gene IDs 772080, ''similar to type I hair keratin KA31'' and 420039, ''similar to Krt42 protein''), which we here refer to as cHAS1 and cHAS2.
A comparison of the numbers of cysteine residues of the new keratins and of hard and soft human keratins is shown in Fig. 2 . The proposed hard ␣-keratins of Anolis and chicken contained a similar total number of cysteine residues as human hair keratins. Sequence alignment showed that the positions of many cysteine residues were conserved between Anolis hair keratinlike proteins and human hair keratins (Figs. S2 and S3 ). This indicates that the intermolecular cross-linking in these reptilian keratins occurs in a manner similar to that of mammalian hair keratins. Next we compared the exon-intron organization of the novel genes with that of human keratin genes. As shown in Fig. S4 (Upper), aHA1 and aHA2 consisted of seven exons and thereby resembled the human type I keratin genes KRT31 through KRT40 (11), as well as KRT18, which has been proposed to be the primordial type I keratin (18, 19) . By contrast, anole aHAS3 and chicken cHAS1 and cHAS2 consisted of eight exons and thereby resembled the genes encoding mammalian type I soft keratins or inner root sheath keratins (11) . All basic keratins analyzed, including aHB1, aHB2, and cHB1, contained nine exons (Fig. S4,  Lower) . As noted in a previous report that compared a smaller set of genes (20) , most exon-intron borders were conserved between type I and II keratin genes (Fig. S4) .
Phylogenetic Analysis Supports Hair Keratin Orthology of Some Sauropsid Keratins and Suggests the Existence of a Novel Clade of
Sauropsid-Specific Type I Keratins. Phylogenetic analyses were performed using the amino acid sequences of the central rod domain (pfam00038, intermediate filament domain). The Nterminal and C-terminal regions were excluded because low sequence complexity in these regions does not allow for unambiguous sequence alignment. The putative hard keratins of A. carolinensis and Gallus gallus were analyzed along with representative human hard and soft keratins. This analysis showed that, among type I keratins (Fig. 3A) and type II keratins (Fig.  3B) , the soft keratin clusters were separated from the hard keratin clusters by the branches leading to the primordial keratins (18), keratin 18 and keratin 8, respectively. The anole keratins aHA1 and aHA2 clustered together with human type I hair keratins, and all anole and chicken HB keratins clustered together with human type II hair keratins, supporting a respective orthologous relationship (Fig. 3) .
aHAS1 through aHAS4 and cHAS1 and cHAS2 formed a cluster that was separated from the branch leading to mammalian type I hair keratins and aHA1 and aHA2 (Fig. 3A) , indicating that the ancestral HAS gene was different from the ancestral hair keratin gene. Orthologues of these sauropsid genes could not be detected in any mammalian genomes, including the recently published genome of the platypus (21).
Anolis Hard Keratin Gene Expression Patterns. The expression of representative novel lizard hard keratin genes was analyzed by RT-PCR on RNAs extracted from various A. carolinensis organs.
As shown in Fig. 4 , mRNAs of aHA1 and aHA2, as well as aHB1, aHB2, and aHB3, were detected in digits, which contain, among nonepidermal components, scales, toe pad lamellae (22) , and claw-forming epidermis. When the proximal part of the digits containing the pad lamellae was separated from the distal part containing the claw, strong expression of hard keratins was detected only in the distal region (not shown). Other than the digits, expression of aHA2, aHB2, and aHB3 was detected in abdominal skin and the tongue (Fig. 4 and data not shown) . In contrast to the aforementioned keratins, aHAS3 was not preferentially expressed in the digits but showed a broad expression pattern, including abdominal skin, digits, tongue, esophagus, and stomach (Fig. 4) . Next we raised antibodies against unique sequences of the C-terminal domains of aHA1 and aHB1 and used these antibodies for the immunohistochemical localization of aHA1 and aHB1. Both proteins were expressed in the claw-forming epidermis of the digit (Fig. 5) , whereas expression in scales was very weak or negative (Fig. 5 and data not shown) .
Evolutionary History of Hard Keratin Genes in Amniotes.
To determine the evolutionary implications of our data, the numbers of hard (cysteine-rich) keratins in various vertebrate species, as determined in this study and in previous reports (15, 23) , were mapped onto the phylogenetic tree of vertebrates (Fig. 6) . The identification of hair keratin-like genes in the anole and in chicken strongly suggests that the first hard keratins were innovations of a common ancestor of mammals and sauropsids (Fig. 6, black star) . The presence of additional cysteine-rich type I keratins (aHAS1-4 and cHAS1-2) in anole and chicken (indicated by ϩ4 and ϩ2, respectively, in Fig. 6 ) suggest an additional hard keratin gene innovation after the divergence of sauropsids from the mammalian lineage (Fig. 6, white star) .
Discussion
Here we have identified cysteine-rich ␣-keratin genes in nonmammalian species. We provide three lines of evidence that some of the new Anolis keratins (aHA1, aHA2, aHB1-4) and one chicken keratin (cHB1) are orthologues of mammalian hair keratins, namely (i) syntenic gene location, (ii) conserved exonintron organization, and (iii) maximum reciprocal sequence similarity. Another group of anole and chicken cysteine-rich keratins (aHAS1-4 and cHAS1-2) differed from hair keratins with regard to the criteria of gene locus synteny and exon-intron organization and, therefore, seem to be derived from a sauropsid-specific molecular innovation.
The high content of cysteine residues of the new sauropsid keratins argues for a functional similarity to mammalian hard keratins, that is, the ability to form hard rigid structures via intermolecular disulfide bonding. To date, the hard properties of sauropsid epidermis have been believed to be mainly mediated by ␤-keratins; however, an additional role of ␣-keratins in sauropsid cornification has not been excluded (6, 24) . Our immunohistochemical study shows that the cysteine-rich Anolis keratins aHA1 and aHB1 are strongly expressed by keratinocytes that form the claw. Because mammalian claws also contain hair keratins, it is conceivable that the presence of hair keratins in claws is inherited from the last common ancestor of mammals and sauropsids. Other hair keratin-like genes of Anolis, namely aHA2, aHB2, and aHB3, were detected by RT-PCR not only in the digits but also in the skin of other body parts. This demonstrates that the expression of Anolis hair keratin-like genes is not strictly confined to claws and leaves open the possibility that the primordial hard keratins of ancestral sauropsids were also present in scales. The identification of hard keratin genes in reptiles and in birds strongly argues against the concept that hair keratins were an evolutionary innovation that occurred in the mammalian lineage after the divergence from sauropsids (14, 15) . Therefore, we propose the following revision of hair evolution at the molecular level: The last common ancestor of all extant amniotes contained cysteine-rich ␣-keratins, which served in the establishment of hard non-hair epidermal structures. These genes remained functional in sauropsids, such as A. carolinensis, and were co-opted for a role in hair formation in mammals.
Materials and Methods
Sequence Queries, Alignments, and Phylogenetic Analyses. Genome sequences of A. carolinensis and G. gallus were retrieved from the GenBank (www.ncbi.nlm.nih.gov/) and the ENSEMBL (www.ensembl.org) databases. Basic local alignment search tool (BLAST) searches for homologues of human hard keratin were performed using the tBLASTn algorithm. Gene orthology was evaluated according to the criteria of reciprocal best hits in BLAST searches (25) , conservation of the localization and phase of introns (26) , and gene locus synteny (27, 28) .
Amino acid sequences were aligned using CLUSTALW, and phylogenetic trees were built with PHYLIP using the Jones-Taylor-Thornton matrix as distance algorithm and the neighbor-joining method for clustering. Trees were displayed using the TreeView program (29) .
Nucleic Acid Preparation, PCR, and Sequence Analysis. Genomic DNA was prepared from tissues according to a standard protocol (30) . Tissue RNAs were extracted with the TRIzol reagent (Invitrogen) according to the manufacturer's instructions and reverse-transcribed and PCR-amplified according to standard protocols (31, 32) . PCR products were either cloned into the pCR2.1 Topo vector (Invitrogen) according to the manufacturer's instructions and sequenced or purified and sequenced directly. Primer sequences are listed in Table S5 .
Generation of Antibodies and Immunohistochemical Analyses. Antisera against A. carolinensis proteins aHA1 and aHB1 were produced in mice by six injections of the synthetic oligopeptides CGPCPPGPRINTKICRM (corresponding to amino acid residues 509 -525 of aHA1) and LSAASCIDLGSPGLP (corresponding to amino acid residues 511-525 of aHB1) (piChem) (100 g per injection), respectively, coupled to keyhole limpet hemocyanin. The antisera were used at a dilution of 1:1,000 for immunohistochemical analyses of acetone-fixed A. carolinensis tissue cryosections. Endogenous peroxidase was quenched by preincubation with 0.3% H 2O2/methanol. Biotinylated sheep anti-mouse Ig (1:200; GE) was used as secondary antibody. Ten percent sheep serum was added to the secondary antibody to prevent unspecific binding. The sections were then exposed to streptavidin-biotin-HRP complex, and 3-amino-9-ethylcarbazole (DakoCytomation) served as chromogen. Hematoxylin was used as a nuclear counterstain. The specificity of the immunoreactions was controlled using preimmune sera and antisera that were preabsorbed with 2 g/ml of the peptide corresponding to the immunization epitope. Only those immunostainings for which controls yielded a negative or strongly reduced signal were considered specific.
